Abstract: This in situ study assessed the effect of different times of salivary exposure on the rehardening of acid-softened enamel. Bovine enamel blocks were subjected in vitro to a short-term acidic exposure by immersion in 0.05 M (pH 2.5) citric acid for 30 s, resulting in surface softening. Then, 40 selected eroded enamel blocks were randomly assigned to 10 volunteers. Intraoral palatal appliances containing 4 enamel blocks were constructed for each volunteer, who wore the appliance for 12 nonconsecutive hours: initial 30 min, followed by an additional 30, and then by an additional 1 hour. For the last additional 10 hours the appliances were used at night, during the volunteers' sleep. Surface hardness was analyzed in the same blocks at baseline, after erosion and after each period of salivary exposure, enabling percentage of surface hardness recovery calculation (%SHR). The data were tested using repeated measures ANOVA and Tukey's test (α = 0.05). Increasing periods of salivary action promoted a progressive increase in the surface hardness (p < 0.001). However a similar degree of enamel rehardening (p = 0.641) was observed between 2 hours (49.9%) and 12 hours (53.3%) of salivary exposure. Two hours of salivary exposure seems to be appropriate for partial rehardening of the softened enamel surface. The use of the intraoral appliance during sleep did not improve the enamel rehardening after erosion.
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Effect of different salivary exposure times on the rehardening of acid-softened enamel Introduction
Dental erosion is the softening effect of an acid on the tooth surface, while the subsequent tissue loss induced by mechanical forces is called erosive tooth wear. 1, 2 The occurrence and progression of dental erosion depend on the interaction between behavioral, chemical and biological factors. 1 Among the factors that influence the pathogenesis of dental erosion, the protective potential of saliva has been described in several studies. 3, 4 After the intake of an acidic food or drink, saliva acts as a diluting agent, clearing the remnants of acids from the mouth. Salivary flow, pellicle and buffer capacity contribute to the protective effect of saliva. 5 Furthermore, saliva has the ability to reduce demineralization rate and enhance remineralization by providing calcium, phosphate and fluoride to eroded enamel and dentine. 4 Thus, saliva can theoretically protect enamel against dental erosion in several ways, but the effectiveness of this protective capacity is unclear. 6 Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
Studies designed to identify the individual erosive potential of products or to assess the effectiveness of preventive methods should ideally be conducted in vivo 7 , under the natural effect of saliva. However, in vivo studies do not allow an accurate erosive tooth wear measurement and evaluation of lesion progression pattern, and require long interventions. 7 To overcome these challenges, in vitro and in situ models are used. In situ models offer the advantage of allowing a controlled erosive challenge and expose specimens to the oral environment. 7, 8 Nevertheless, in situ studies that consider saliva a remineralizing agent do not specify the time required for remineralization to occur in order to simulate clinical conditions. While some studies recommend the continuous use of intraoral appliances, which are removed from the oral cavity only for eating and for oral hygiene, 9 other studies establish the use of intraoral devices only during the day. 10 There are no reports regarding the standardization of the time needed to simulate the remineralization of the eroded surface between the erosive challenges. 11 Because the in situ time required for saliva to achieve its maximum repair potential after an erosive challenge is not well defined, every research group adopts its own specific protocol. In addition, knowledge about the effect of overnight use of intraoral devices on enamel rehardening is incomplete. The absence of standardization hinders meaningful comparisons among different researches and extrapolation of in situ findings into clinical situations.
Taking these aspects into consideration, the aim of this study was to evaluate the effect of different salivary exposure times on the rehardening of initially eroded enamel. The null hypothesis was that different times of human saliva exposure has no effect on the enamel rehardening.
Methodology Experimental design
Enamel was evaluated in situ after 30 minutes, 1, 2 and 12 hours of salivary exposure. Enamel blocks with artificial initial erosion lesion (n = 40) were randomly divided among volunteers (n = 10), who wore intraoral palatal appliances during 12 nonconsecutive hours. The response variable was superficial hardness recovery (SHR), which was measured in the same blocks at baseline, after erosion and after each period of salivary exposure.
Enamel samples preparation
One hundred enamel blocks (4×4×3 mm) were prepared from the labial surfaces of bovine incisor crowns. The blocks were cut using an ISOMET low speed saw (Buehler Ltd., Lake Bluff, IL, USA) with two diamond disks (Extec Corp., Enfield, CT, USA), which were separated by a 4-mm thick spacer. The blocks' surfaces were ground flat with water-cooled silicon carbide discs (320, 600, and 1200 grade papers; Buehler, Ltd., Lake Bluff, IL, USA), and polished with felt paper sprayed with 1 µm diamond spray (Buehler, Ltd., Lake Bluff, IL, USA). The blocks were cleaned using an ultrasonic device for 2 minutes and inspected for presence of white spots and cracks using a microscope (×40). The samples were sterilized by ethylene oxide.
The baseline surface hardness (SHi) was determined using the average values of five indentations performed at 100 µm distances from each other (Knoop diamond, 25 g, 10 s, Hardness tester from Buehler). Eighty blocks were selected by the initial surface hardness (mean SHi value = 343.9 ± 21.4 KHN) to be demineralized in vitro (initial erosion lesion). The number of blocks was twice the required amount, to allow discard of non-standard demineralized blocks.
Initial erosion lesion
The erosion lesion was established following the definition by Young and Tenuta
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, in which the initial erosion corresponds to the very first tooth surface changes caused by short-term acidic exposures before any tissue loss is observed. A pilot in vitro study showed that the enamel immersion in 0.05 M (pH 2.5) citric acid solution for 30 seconds was the optimum time for the development of initial erosion lesions, as longer periods caused enamel loss and difficulty in viewing baseline indentations. Blocks were, therefore, demineralized under those conditions, with agitation (Flatbed oscillator, 60 rpm). The surface hardness after demineralization (SHd) was measured at 100 µm distance from the SHi, to obtain the degree of softening. Enamel samples presenting the percentage of surface hardness change (%SHC = [(SHi -SHd) / (SHi)] × 100) between 30 and 40% were selected (n = 40) and randomly allocated to the volunteers by a second researcher using Excel software (Microsoft Office 2013, USA).
Volunteers and in situ phase
This study received ethical approval from the local Institutional Ethics Committee (protocol nº 141.316/2012), and was conducted in full accordance with the Declaration of Helsinki. Ten healthy adult subjects (eight females and two males, aged 19-30 years) who fulfilled the inclusion criteria (residing in the same fluoridated area -0.70 mg F/l), physiological stimulated salivary flow rate >1 mL/min, adequate oral health -no caries or erosion lesions), without violating the exclusion criteria (systemic illness, pregnancy or breastfeeding, under orthodontic intervention, use of supplementary fluoride compounds in the last two months) took part in this study, after given an informed written consent.
Sample size calculation was based on a pilot study with 4 volunteers. A sample size of 10 volunteers was estimated based on an α-error of 5%, β-error of 20%, 14.8 estimated standard deviation and 25.0 % minimum detectable difference in means.
The intraoral upper arch palatal appliances were made with acrylic resin on plaster models of each volunteer. The appliance had two vertical rows, on the right and left sides, containing two cavities (6×6×3 mm) in each side, for the enamel blocks fixation. The enamel blocks were fixed with wax and were carefully levelled with the appliance surface in order to avoid dental plaque accumulation.
Seven days prior to the experiment, volunteers brushed their teeth with standard fluoride toothpaste (Total 12, 1.100 ppm F, Colgate, Brazil) 3 times a day, and they were also instructed to avoid use of any other fluoride-containing product. During the in situ phase, tooth brushing was performed 1 hour before each period of salivary exposure.
Volunteers were asked to avoid touching the enamel blocks with the tongue during appliance use. After salivary exposure (30 minutes, 1 hour, 2 hours and 12 hours), the volunteers removed the intraoral appliance (without washing) and the enamel blocks were subjected to surface hardness evaluation. Between the surface hardness measurements, special care was taken to avoid cross-contamination, including individualized use of gloves for handling each intraoral appliance, and decontamination of the Knoop diamond of the Hardness tester after each measurement. After each measurement, blocks were repositioned in their original cavities, and the appliance was worn until the next measurement. During the 3 hours required for surface hardness evaluation and fixation of the blocks in the intraoral appliances, volunteers had meals or snacks and brushed their teeth, and after one hour, the appliances were reinstalled. When not in use, the appliances were kept in a plastic box, wrapped in gauze moistened in water (Bauru, São Paulo, Brazil; 0.7 ppm F). For the last evaluated period, the appliances were used for an additional 10 hours at night, during sleep. Volunteers and researchers were not blind to the study protocol. 
Percentage of surface hardness recovery (SHR)
The final surface hardness (SHf) was measured at a 100 µm distance from SHd, as described above. The mean of the three measurements was used to calculate the percentage of surface hardness recovery (%SHR = [(SHf-SHd) / SHi-SHd)] x100) for each block, then the mean %SHR of 4 blocks for each volunteer (n = 10) was estimated.
Statistical analysis
Statistical analysis was performed with SigmaPlot version 12.3 (2011 Systat Software, Germany). The assumptions of normal distribution of errors were checked using Shapiro-Wilk test. Since assumptions were met, repeated measures ANOVA followed by Tukey's test were applied. The significance limit was set at 5%.
Results
In the present study, all participants completed the in situ phase according to the protocol and no side effects were reported. All 40 blocks were submitted to surface hardness measure after each salivary exposure time.
Table shows the mean %SHR for the different time periods. The null hypothesis was rejected, as longer periods promoted a progressive increases in SHR. Significant differences were found among 30 minutes, 1-and 2 hours salivary exposure (p < 0.0001). There was no significant difference between 2 and 12 hours (p = 0.641).
Discussion
Saliva is the fluid that constantly flows through the oral cavity while awake. Thereby, saliva affects nearly all processes between enamel and the surrounding environment. 12 In this study, no erosive cycling model was used, and only the salivary ability to reharden softened enamel after initial erosion was evaluated. The aim was to establish the most suitable period of time for intraoral device use to achieve maximum rehardening, before its submission to new erosive challenges on in situ cycling studies. The overnight effect of enamel rehardening by saliva during sleep, and therefore with reduced salivary flow, was also determined.
The erosive demineralization of enamel samples was performed in vitro by immersion of the samples in citric acid solution for 30 seconds, since the objective was to create an initial erosion lesion. The criterion used to ensure the softening but not loss of tissue was the visualization of baseline indentations after short-term acidic exposure. 11 Surface hardness measurement has the advantages of directly measuring the physical stability of the rehardened enamel, 13 and Table. Percentage of surface hardness recovery for the studied times of salivary exposure (n = 10). 
Selection of 10 volunteers:
Information about the study and written informed consent, salivary tests, impressions and preparation of the intraoral appliances (one per volunteer).
7 days washout period before starting the study: standardization of fluoridated toothpaste.
Group 1: Use of intra-oral appliance for 30 min -Surface hardness measurement -Reposition of the blocks in the intraoral appliances.
Group 4: Use of intra-oral appliance for additional 10 hours at night, while sleeping (total of 12 hours) -Surface hardness measurement.
Group 3:
Use of intra-oral appliance for additional 1 hour (total of 2 hours) -Surface hardness measurement -Reposition of the blocks in the intraoral appliances.
Group 2: Use of intra-oral appliance for additional 30 min (total of 1 hour) -Surface hardness measurement -Reposition of the blocks in the intraoral appliances.
Percentage of surface hardness recovery assessment for each group and statistical analysis (n = 10).
of being a nondestructive method. 14, 15 This method has sufficient sensitivity to detect very early stages of enamel demineralization 16 , and is usually used for the evaluation of the rehardening potential of different substrates. 17 In the present study the use of the same block to evaluate the rehardening effect of different salivary exposure times diminished the chance of bias from the enamel substrate variations. As observed in a pilot study, the variation in hardness among blocks during initial hardness selection was higher than the variations among study groups, hindering adequate conclusions. The present study design was possible because, for superficial hardness assessment, the same sample could be used for more than one measurement in a sequence. 14 A possible limitation of this study is the period of time that the enamel blocks were outside the oral environment. Even though enamel blocks were kept hydrated with wet gauze, this might influence the acquired pellicle structure. However, since the main effect of the acquired pellicle is on erosion prevention, it probably had little impact in enamel remineralization. 18 It must be emphasized that the time interval between the in situ salivary exposure periods necessary for measuring the surface hardness was standardized for all groups (3 hours). During these intervals, volunteers could eat, and therefore the subsequent tooth brushing was essential. Fluoridate toothpaste is widely recommended for patients to prevent erosion and dental caries. Hence, a fluoridate toothpaste was used to simulate clinical conditions as closely as possible. Despite the fact that fluoride might promote remineralization 19 , the residual fluoride from the fluoride-containing dentifrice did not protect enamel against erosion in an in situ protocol. 20 In order to ensure no effect of fluoride in the remineralization process, a 1-hour time lapse was waited by volunteers between tooth brushing and reinsertion of the intraoral devices. This procedure was repeated before each study period.
Another possible limitation is the impact of tongue abrasion on eroded enamel. A previous study showed that the tongue exerts an abrasive effect on eroded enamel, partly removing the softened layer. 21 In the present study, to minimize this effect, the volunteers were advised to avoid touching the blocks with the tongue. In addition, the time of oral appliance use was relatively short, diminishing the chance of unconscious tongue movements. Nevertheless, the superficial indentations (25g/10s) made after the erosion procedure were evaluated after the in situ phase, and since they were still clearly observed, we assumed that the surface was very similar, showing minimal or none tongue abrasion.
The literature indicates that the remineralization and rehardening processes occur over a significantly long time scale 22 and short remineralization times appear to provide only partial rehardening of softened enamel. 13 In a previous study, after 24 hours of remineralization in artificial saliva, the stabilization of softened enamel surface was demonstrated by means of a normal level of resistance to ultrasonication. 23 However, a 24-hour time period is of little clinical relevance since intraoral physical wear and periodic intake of acidic foods or drinks impose limits for remineralization. 13 In the oral environment, remineralization periods range from 1-4h at day time and from 6-8 h at night. 24 However, during sleep, the salivary flow is reduced 25 resulting in limited remineralization capacity.
The increasing time of salivary exposure promoted a progressive increase in the enamel surface hardness values. Periods of 30 minutes and 1 hour of salivary exposure in the oral cavity allowed a gain in surface hardness, suggesting that remineralization had occurred. Tooth remineralization has been described as a repair process by mineral deposition into the porous zone.
26 After 2 hours of salivary action, surface hardness increased again, but it did not differ statistically from the 12-hour period, which was carried out overnight. These findings are of interest for in situ study protocols. Broadly, in situ models use two methodologies: removable appliances with intermittent or continuous intraoral use, or fixed appliances with continuous intraoral use. 7 With intermittent use, the appliances are worn by subjects only under supervision and are removed from the mouth at nighttime. 10 It is possible to assume that simplified in situ protocols and short-duration studies are most easily accepted by volunteers and therefore are likely conducted with higher fidelity to the established protocol. According to the presented results, considering only the remineralizing effect of saliva, the use of intraoral appliance during sleep References is not justified. It is important to emphasize that even in studies with continuous use of the intraoral appliance, the last erosive challenge of the day would not be performed immediately before sleep. Thus in the present study, we tested the ability of saliva to improve, at night, rehardening that had occurred during the day; the rehardening ability during sleep was not evaluated.
Therefore, the minimum time interval to allow partial remineralization of acid-softened enamel between erosive challenges in in situ studies might be 2 hours. In addition, the standardization of 2-hour intervals and the removal of the intraoral appliance overnight might improve volunteers' collaboration, allowing more realistic and reliable results. However, more studies are needed to assess whether this degree of remineralization could protect the enamel from a subsequent acid attack.
Conclusion
In conclusion, considering the reparative effect of human saliva, the present study showed that 30 minutes, 1 and 2 hours of salivary exposure differed on the rehardening ability of acid-softened enamel. Two hours of salivary exposure seems to be appropriate for partial rehardening of the softened enamel surface between erosive challenges. The use of the intraoral appliance at night, including during sleep, did not improve enamel rehardening. This information might be used to guide future study designs on dental erosion.
